Introduction 7 0
Pneumocystis jirovecii is a fungus colonizing specifically human lungs. It has developed 1 0 0 incorporation into the cell wall (12, 13) . The mechanism for exchange of the expressed msg gene 1 0 1 is thought to be by recombination at a 33 bps long sequence which is present both at the end of genes can be expressed in each population (12) . The CRJE sequence encodes at its end a 1 0 5 potential lysine-arginine recognition site for Kexin endonuclease which might be involved in the 1 0 6 maturation of the antigen. Kutty et al (14) provided evidence for frequent recombinations among 1 0 7 msg genes creating potentially mosaic genes. All these observations were made using 1 0 8 conventional cloning procedures and PCRs, and these mechanisms have yet to be understood in a 1 0 9 more extensive genomic context.
The first genome sequence of P. jirovecii released was obtained using technologies generating 1 1 1 short reads which prevented assembly of long repetitive sequences such as centromeres, 1 1 2 telomeres, and subtelomeres including msg genes (6). A second study used a mixture of 1 7 1 presumptive TATA box upstream of the ATG and an initiator motif (Cap signal) at presumptive 1 7 2 sites of initiation transcription ( Fig. 2a and S2 ). The members of the family I had only the CRJE 1 7 3 (conserved recombination junction element) at the beginning of their single exon. These their CRJE with that of the single copy UCS which encompasses a promoter, whereas all 1 7 6 members of the other five families are expressed independently. Three of the six full-length 1 7 7 9 outlier genes seemed not expressed since they had no CRJE and missed a TATA box (Table S1 ). Twenty-six partial genes were truncated by the end of the contig so that only three bona fide 1 7 9 partial genes were identified, which, however, missed TATA box, signal peptide, and/or GPI-1 8 0 anchor signal, and thus were probably not expressed or not correctly processed (msg44, 89, and 1 8 1 99). Analysis of the sequences and alignments (Fig. S3 ) of the full-length proteins of each family 1 8 5 revealed that each Msg protein, except those of family I, presented a signal peptide at its N- externally to the cell wall, except those of family IV which would be secreted in the environment 1 9 0 or attached to the cell wall through another mechanism than GPI. The possible conservation of motifs among the proteins of the six families was investigated 1 9 2 using Multiple Expectation-Maximization for Motif Elicitation (MEME analysis) (17). Thirteen 1 9 3 conserved motifs were identified which arrangement was fairly diagnostic within each family 1 9 4 ( Fig. 2b ). Most motifs included several conserved cysteines and leucines, which resembled to the 1 9 5 previously identified Pfam MSG domain ( Fig. S4 ). Interestingly, conserved leucines were often 2 3 8
In order to identify the msg-I genes linked to the UCS in our sample, we amplified by PCR 2 3 9 the junction between these elements using one primer within the UCS and either one primer 2 4 0 generic for many msg-I genes (12), or one primer specific to a given msg-I gene of the PacBio 2 4 1 assembly (Supplementary note 4; Fig. 2a ). Eighteen different msg-I genes were found fused in 2 4 2 frame to the UCS at the CRJE sequence, two being pseudogenes of the family I with an upstream the subclones of the generic PCR analyzed, suggesting that sub-populations of cells expressing 2 4 7
given msg-I genes were of different sizes in our sample (Supplementary note 4). These observations suggested that recombination between the CRJE sequence of the UCS with that of 2 4 9 different msg-I genes occurred at a high frequency in the single P. jirovecii population studied 2 5 0 here. the 20 full-length chromosomes described by Ma et al (4) because they were also present in the 2 5 5 latter assembly (Table S3 ). All the remaining 17 contigs without flanking non-msg genes ( presence of a large number of subpopulations expressing different msg-I genes in our sample, the 2 5 9 set of subtelomeres present in each cell varied considerably. It is likely that the set we assembled 2 6 0 corresponded to a core of subtelomeres which was present in a majority of cells of the population 2 6 1 so that it could be assembled unequivocally. Evidence of recombination events between msg-I genes was previously provided (14). We 2 6 5 investigated this issue among the different msg families using three different numerical methods: 2 6 6 two allowing analyses of large sets of genes for screening, and one analyzing only four genes at a 2 6 7 time for more sensitive analysis. Two to 18 potential mosaic genes and their putative parent 4; Table 2 ). On the other hand, only one potential mosaic gene was identified in family V and 2 7 0 none in family VI (P = 0.06). Eight of the 30 mosaic genes detected shared with one parent a 2 7 1 perfectly or almost perfectly identical fragment of ca. 100 to 1000 bps, often close to the site of 2 7 2 1 3 the predicted recombination events ( Fig. 4b and S8 ). These latter cases suggested very recent 2 7 3 recombination events. The putative parent genes of mosaic genes were randomly distributed 2 7 4 among the two sub-clades of family I, suggesting that this family must be considered as a single 2 7 5 entity (Supplementary note 5). One to four potential recombination events per mosaic gene were generally identified using 2 7 7 the two screening methods. These events were most often confirmed by the more sensitive 2 7 8 method which, however, detected many other potential recombination events ( Fig. 4 and S8 ). Consistent with the single mosaic gene detected in families V and VI, the frequency of 2 8 0 recombination events appeared lower in these families than in the others (Fig. S9 ). This 2 8 1 correlated with an average pairwise identity lower within each of these two families than within 2 8 2 the others (45-66 versus 71-83%, Table 1 ). The predicted sites of the recombinations reported by 2 8 3 all three methods were distributed randomly along the msg genes for all families, and did not 2 8 4 contain any specific DNA sequence motifs ( Fig. 4 , S8, and S9). This suggested homologous 2 8 5 rather than site-specific recombination events. In contrast, we were unable to detect recombination events between different msg families, 2 8 7 even using the more sensitive method ( Fig. S10 ). The 146 P. jirovecii msg genes larger than 1.6kb reported by Ma et al (4), out of a total of 179, 2 9 1 were added into our DNA phylogenetic tree. They all clustered within our families, except 11 2 9 2 outliers clustering with our outliers (Fig. S11 ). The correspondence between the two sets of 2 9 3 families and the comparison of the two studies are detailed in the Supplementary note 6. Antigenic surface variation plays a crucial role in escaping the human immune system and 2 9 6 adhering to host cells for important microbial pathogens. In the present study, we investigated 2 9 7 the mechanisms used by the fungus P. jirovecii for this purpose. Our observations show that its 2 9 8 surface glycoproteins diversified during the evolution into a superfamily including six families 2 9 9 each with its own structure, function, independent mosaicism, and expression mode. predicted to be adhesins (Supplementary note 7). Consistently, their structure fits the model of to their role in adhesion, the oxygen-linked glycosylations of the ST-rich region confer rigidity to 3 1 0 the protein in order to present outward the ligand domain. Thus, the N-terminus regions of the P. protein non-specific binding and protein dimerization (22). This latter function is also carried out 3 1 7 by the PE-rich region present in msg family V and VI (23). The conserved coiled-coil domains 3 1 8 1 5 discovered in Msg families I to III are often involved in the formation heteromultimers and 3 1 9 protein complexes (24, 25) . On the other hand, the unstructured regions at the C-terminus present 3 2 0 in four Msg families are not informative because these regions can have several different 3 2 1 functions (26). These observations suggest that the Msg adhesins may form homo-or hetero-3 2 2 oligomers at the cell surface, possibly implying a further level of antigen variation which has 3 2 3 never been envisaged so far. Our observations suggest that a continuous and random creation of mosaic genes by homologous within the scope of protein annotation, this mechanism permits by itself to define the members of 3 2 9 a protein family without having to rely upon the cutting of a phylogenetic tree at an arbitrary 3 3 0 height. The frequency of these recombinations remains to be quantified precisely, but is likely to shown in Fig. S12 ). Such recombinations could also produce partial genes if they occur between 3 3 5 homologous regions which are not located at the same position along the recombining genes. Our results suggest that this is rare because we identified only three partial msg genes out of 113. This conclusion is also consistent with the fact that different motifs are conserved along the enhanced by mutation and recombination rates within the subtelomeric gene families higher than correspond to the state between their birth and their future decay. However, they could also be 3 4 5 maintained within the subtelomeres through indirect selective pressure because of their role as 3 4 6 reservoir of fragments for the creation of mosaic genes. Our conclusions concerning the mutually exclusive expression of the msg-I genes are in 3 5 0 agreement with previous studies, but bring support for the involvement of telomere exchange over 33 bps might be sufficient as it is the case in fungal cousins (28). However, they could also 3 5 6 be site-specific because the imperfect inverted repeat present in the CRJE is a common motif used by site-specific recombinases (29). Up to three msg-I genes were present at the end of the subtelomeres. There is no reasons to exclude that transfer of more than one msg-I gene to the 3 5 9 expression site at once also occurs, followed by polycistronic expression. The polypeptide Msg-I anchored to the cell wall separately through its own GPI signal. Interestingly, we detected deficiency in adhesion to host cells. They might constitute a cost inherent to such system of 3 6 5 antigenic variation based on frequent recombination events. RNAseq analyses suggested that the vast majority of the msg genes of all families were 3 6 9 expressed in P. carinii and P. murina populations (4). As far as P. jirovecii is concerned, 3 7 0 alignment of our previous RNAseq data (6) with the subtelomeres assembled in the present study of each of these genes. However, they are also compatible with mutually exclusive or partially 3 7 7 exclusive expression of these genes thanks to silencing of promoters, or through another 3 7 8 unknown mechanism. The UCS is a strong promoter (13), probably leading to a majority of a single isoform of has been reported in P. carinii trophic cells (31). Genes encoding orthologs of these two latter proteins are also present in the P. jirovecii genome (results not shown). Moreover, Kottom and mammalian hosts are present in the P. carinii genome. Thus, the structure of P. jirovecii cell 3 9 0 surface is made of a complex mixture of different proteins. subtelomeres of the isolate we studied here also differed greatly from those of the same as on minichromosomes (7). In the latter organism, pseudogenes provide segments to mosaic 4 1 6 functional antigens (34), a phenomenon which might also occur in P. jirovecii. Plamsodium 4 1 7 falciparum harbours one subtelomeric antigen family of ca. 60 members (7). These three microbiota. This strategy might allow presenting most cells as different organisms to the immune 4 2 6 system and thus to be tolerated during colonization. A similar strategy might be used by Candida 4 2 7 albicans living in non-sterile mucosal niches. Indeed, its unique adhesin family presents a high Trypanosoma and Plasmodium also differ from Pneumocystis spp in that they infect two 4 3 1 different hosts rather than one. This undoubtedly exerts a different selective pressure on their involved in the strict host species specificity of these fungi. Further work aiming at 4 3 5 understanding the relation between structure and function of the different Msg glycoproteins is 4 3 6 needed to further decipher both antigenic variation and host specificity of these fungi. Methenamine-silver nitrate staining (37) were supplemented with 15% v/v glycerol, frozen in 4 5 4 liquid Nitrogen, and stored at -80°C. Only those with more than one ml available and heavy 4 5 5 fungal load were stored. Seventeen specimens were stored between 2012 and 2014, and used for 4 5 6 the selection procedure described here below. PCR from genomic DNA extracted as described previously (38 experiments performed in the present study. It was from a HIV-infected patient. Buffer. This enrichment raised the proportion of P. jirovecii DNA from a few percent to ca. 55% are recoverable from a clinical specimen and in absence of an in vitro culture system, sufficient 4 7 8 amount of DNA for high throughput PacBio sequencing was obtained by random amplification. Five μl of DNA was randomly amplified in a 50 μl reaction using the Illustra GenomiPhi HY from these molecules were eliminated by bioinformatics (see below). DNA was then purified procedure is shown in Figure S13a and the details for each step are described here. PacBio sub- against the human reference genome using blasr (smrtpipe2.3, cut-off: corrected score < 55000).
0 0
Reverse-complementary artificial reads created by the random amplification were next filtered 219 gap-free contigs ranging from 234 bps to 386 kb with a NG50 of 108Kb, and 57% of the 5 1 0 genome in 28 contigs lager than 100 kb. The P. jirovecii PacBio assembly obtained in the present 5 1 1 study covered 96% of that we previously obtained using other sequencing methods 6 , and regions were detected (Supplementary note 8). Gene predictions and msg annotations. Genes were predicted on the assembly using Augustus 5 1 9
(41) (version 2.5.5) and a specifically trained model for Pneumocystis (6) . In order to detect 5 2 0 novel and more distant homologous msg genes in the assembly, we chose a generalized profile 5 2 1 based approach (16) (Fig. S13b) . A DNA profile was generated based on a previously described profiles were calibrated against the scrambled genome (window approach, size=60). Using based on neighbourhood joining (% identity) using Jalview (46) (v2.8.1). One representative 5 2 9
candidate per group was selected and a new profile based on its sequence generated and 5 3 0 calibrated as described here above. These DNA msg profiles were used to find and annotate a 5 3 1 first set of 75 msg genes in the assembly. A combination of Blastx, genewise, in-house tools, and 5 3 2 2 5 manual curation was applied using the protein Msg profile to extend and correct these 5 3 3
annotations to the set of 113 msg genes analysed in the present study. The msg genes reported 5 3 4
here were all manually curated with respect to their start, stop and intron coordinates. represented in colours and their characteristics are summarised in hierarchical classification based on local sequence similarity, a method that does not rely on a 7 8 0 particular multiple sequence alignment. MEME analysis are shown. The logos of these domains are shown in Figure S4 . subtelomeres are shown in Figure S6 . The attribution of the contigs to the chromosomes 7 9 8 previously described using flanking non-msg genes is given in Table S3 . almost identical fragment of 947 bps with its putative parent msg7 (see alignment in Fig. S8c ). (b1) The set of 11 full-length msg-II genes was analyzed using the Recombination Analysis Tool. The predicted recombination sites are at positions ca. 400, 1300, 2100, and 3100. The Bellerophon method did not identify this mosaic gene. with its putative parent genes together with the randomly chosen msg85 of the same family using 
